The rate and extent of lysis of Vibrio cholerae cells under nongrowing conditions were dependent on the osmolarity of the growth medium. Gross alterations in cellular morphology were observed when V. chokrae cells were grown in media of high and low osmolarity. The rate of lysis of V. cholerae cells under nongrowing conditions increased after treatment with chloramphenicol. Chloramphenicol-treated V. cholerae 569B cells showed formation of sphaeroplast-like bodies in medium of high osmolarity, but not in low osmolarity. Changes in the osmolarity of the growth medium also regulated the expression of the outer membrane proteins. This regulation was abolished if V. cholerae cells were grown in Pi-depleted medium. Analysis of the lytic behavior and composition of outer membrane proteins of an osmotically fragile mutant strain revealed a similar dependence on the osmolarity of the growth medium.
Vibrio cholerae, the etiological agent of cholera, is a noninvasive, gram-negative pathogen which colonizes the small intestine, presumably by the interaction of specific bacterial cell surface components as well as nonspecific hydrophobic interactions with the intestinal mucosa (12) . Excretion of cholera toxin from its cellular location has been shown to be unique to V. cholerae, since cholera toxin synthesized in Escherichia coli cells was not excreted and accumulated in the periplasmic space as is the heat-labile enterotoxin (LT) of E. coli (26) . In contrast, when the E. coli LT was synthesized in V. cholerae cells, the product was exported out (24) . It has been postulated that this behavior of V. cholerae may be due to an unusual organization of its envelope components (15) . Studies with mutants have suggested that changes in the cell surface may also play a role in the virulence of V. cholerae (2) .
Studies on the composition of the outer membrane proteins (11, 15) , lipopolysaccharide (LPS) (29, 30) , phospholipids (28) , and various surface properties, such as hydrophobicity and charge density (12) , of V. cholerae cells have revealed differences with other gram-negative enteric bacteria. It has been reported that V. cholerae cells are extremely sensitive to protein denaturants (19) and that it is possible to isolate the outer membrane directly from whole cells of this organism, unlike other gram-negative enteric bacteria, by treatment with urea (19) . Furthermore, V. cholerae cells lyse rapidly in hypotonic medium outside the growth medium (19) . The stability of bacteria in a hypotonic medium depends on a mechanically resistant cell wall that gives osmotic protection (9) . Various factors, such as growth conditions, osmotic environment, and pH, have been recognized as being particularly important in regulating autolysis (33) .
In E. coli, three outer membrane proteins-OmpF, OmpC, and PhoE-which are biochemically and genetically similar (20, 23) , have been identified as being responsible for the passage of solutes across the outer membrane. Their expression is, however, regulated by growth conditions. The osmolarity of the growth medium is a major factor in determining the relative levels of expression of OmpF and * Corresponding author.
OmpC proteins (13, 36) . The synthesis of the PhoE protein is derepressed upon phosphate starvation (25) . It has also been suggested that the rigidity of the outer membranepeptidoglycan layer might also depend upon the specific major outer membrane protein present (13) .
It is in this context that the present report describes the changes in the lytic phenotype, cellular morphology, and composition of the outer membrane of a hypertoxinogenic strain (569B) of V. cholerae grown under various osmolarities and in phosphate-depleted (LP) growth medium. The lytic phenotype and cellular morphology were also affected drastically after treatment with chloramphenicol (CAM).
MATERIALS AND METHODS
Bacteria. The wild-type strain V. cholerae 569B (prototroph, hypertoxinogenic) of Inaba serotype was obtained from the National Institute of Cholera, Calcutta, India. E. coli C600 (SuII) and Salmonella typhimurium LT2 were obtained from S. Ghosh, Bose Institute, Calcutta, India. The phage-resistant mutant DC15 of V. cholerae 569B was obtained from D. Chakraborti, Bose Institute, Calcutta, India. The mutant strain was highly sensitive to sodium deoxycholate compared with the parent 569B strain.
Media. The V. cholerae strains 569B and DC15 were grown in nutrient medium containing 1% (wt/vol) Bactopeptone (Difco), 1% (wt/vol) Lablemco powder (Oxoid), and 0.18 M NaCl at pH 8.50 . This medium will be referred to as plus medium. The "minus" medium is the same as the plus medium, except that no NaCl is added. E. coli C600 and S. typhimurium LT2 cells were grown in plus and minus media at pH 7.20. LP medium was prepared as described previously (32) . The defined medium used was minimal medium A (22) LT2 cells in the logarithmic phase of growth were similarly harvested and suspended in distilled water at 37°C. The volume of the final resuspending buffer or distilled water was adjusted to maintain 5 x 108 CFU ml-' (absorbance at 585 nm = 0.70). Lysis was monitored turbidimetrically at 585 nm in a Sicospec 100 spectrophotometer (Scientific Instrument Co., Calcutta India).
Release of UV-absorbing material from whole cells. To measure the release of intracellular acid-soluble material upon suspension of log-phase cells in 0.18 M NaCl, samples were removed at various times during incubation at 10 or 37°C. The cells were centrifuged, and an equal volume of ice-cold 10%o trichloroacetic acid was added to the supernatant and centrifuged. The absorbance of the trichloroacetic acid-soluble material in the supernatant was then measured at 260 and 280 nm. An equivalent number of cells was boiled at 100°C for 5 min, and the absorbance at 260 and 280 nm of the supernatant was taken as 100%.
Measurement of osmolarity. The osmolarity of the plus and minus media was measured with the Osmette S automatic osmometer (Precision Systems Inc., Sudbury, Mass.) and expressed as milliosmoles per liter per kilogram.
Isolation of the outer membrane. The outer membrane of V. cholerae cells was isolated by treatment with 4 M urea as described previously (19) .
Isolation of the peptidoglycan. The peptidoglycan, along with the bound lipoprotein, was isolated after the treatment of whole cells with 4% sodium dodecyl sulfate at 100°C (4).
Analytical methods. Protein was measured by the method of Markwell et al. (21) , with bovine serum albumin as the standard. LPS was isolated from crude cell envelope by 45% (wt/vol) aqueous phenol at 680C (37) . Total carbohydrate was assayed by phenol-H2SO4 (6) , with D-glucose as the standard. Heptose was estimated by the cysteine-H2SO4 method (38) . Rhamnose (5), fructose (31) , and phosphate (1) were assayed as previously described. Glucose was assayed after the hydrolysis of LPS with 2 N HCl at 100°C for 2 h by a coupled glucose oxidase-peroxidase reaction (Sigma Glucose Assay Bulletin 510-4). Glucosamine was assayed after the hydrolysis of LPS with 4 N HCl for 4 h at 100°C (34 Under conditions in which the cell viability remained unaltered (cells suspended in 0.18 M NaCl solution and incubated at 37°C), a significant amount of low-molecularweight, 260-nm-absorbing intracellular material was released (Fig. la) . The released material was primarily nucleic acid breakdown products, as evidenced from the ratio of absorbance at 260 and 280 nm of 1.9. The leakage of this material was much lower when cells were incubated at 10°C (Fig. la) . No detectable amount of free reducing or N-terminal groups was released in the supernatant of cells suspended in distilled water containing 0.18 M NaCl, as would be expected if autolytic muramidases or amidases were active.
Preincubation of cells with 5 mM MgCl2 at 0 or 37°C prevented lysis and loss of cell viability upon suspension in distilled water. The effect of Mg2+ was irreversible in the sense that cells pretreated with Mg2+ ions and then exposed to 0.5 M NaCl were resistant to lysis.
In contrast to cells grown in plus medium, cells grown in medium of low osmolarity (137 milliosmoles * liter * kg-') or minus medium were comparatively resistant to lysis when suspended in distilled water (Fig. lb ). An initial increase in the absorbance of minus medium-grown cells suspended in 0.18 M NaCl (Fig. lb) suggested plasmolysis of cells followed by a gradual deplasmolysis. Cell viability remained unchanged under this condition for the 120 min that this reaction was examined in the present study. The susceptibility of cells to lysis was dependent on the concentration of NaCl in the growth medium up to an NaCl concentration of 0.18 M, beyond which there was no further effect. E. coli C600 and S. typhimurium LT2 cells did not show any appreciable lysis in distilled water when grown in either plus or minus medium. Electron microscopy of cells grown in plus and minus media showed remarkable differences in the cell morphology. Relative to cells grown in plus medium (Fig. 2a) , the cytoplasm of cells grown in minus medium was stained more intensely ( Fig. 2b and c) under identical experimental conditions. While the outer membrane of plus medium-grown cells appeared flexible (Fig. 2a) , that of minus mediumgrown cells was more rigid (Fig. 2b and c) . Some of the unusual features of cells grown in minus medium were the VOL. 163, 1985 appearance of large nonstaining bodies in the cytosol and the presence of amorphous regions (Fig. 2c) .
When cells grown in minus medium were transferred to plus medium, within 15 min of incubation at 37°C, the wavy structure of the outer membrane was restored, the staining intensity of the cytoplasm was reduced, and the nonstaining bodies disappeared (Fig. 3a) . By 30 min of incubation in plus medium, the cell morphology was indistinguishable from that grown in plus medium (Fig. 3b) . Cells grown in minus medium and suspended in distilled water containing 0.18 M NaCl showed no such changes in the appearance of the outer membrane and cytoplasm (Fig. 3c) (Fig. 5b) . For comparison, when E. coli C600 cells were treated with a 50 ,ug ml-l concentration of CAM in plus medium and were examined under an electron microscope (Fig. 5c ), no such structural changes were observed (cf. Fig. Sa) . It may be noted that the MIC of CAM for V. cholerae is ca. 5 ,ug ml-', whereas that for E. coli is 30 ,ug ml-'. sis has revealed that the ratio of two major outer membrane proteins of molecular weights 45,000 and 30,000 was dependent upon the osmolarity of the growth medium. In cells grown in plus medium, the amount of the 45,000-molecularweight protein was greater than the 30,000-molecular-weight protein (Fig. 6, lane d) . The relative amounts of these two proteins were reversed when 569B cells were grown in minus medium (Fig. 6, lane c) . To examine the synthesis of outer membrane proteins under LP conditions, cells were grown in LP medium with or without 0.18 M NaCl. The 30,000-molecular-weight protein was not synthesized in cells grown in LP medium in the presence or absence of NaCl (Fig. 6,  lanes a and b) . However, the amount of the 45,000-molecular-weight protein synthesized was much higher in these cells, and its synthesis was insensitive to the osmolarity of the growth medium. Three new proteins of molecular weights 64,000, 43,000, and 33,000 were observed in the outer membrane of LP medium-grown cells.
(ii) LPS, phospholipids, and peptidoglycan. The carbohydrate composition of the LPS isolated from V. cholerae 569B cells grown in plus or minus medium did not differ significantly ( Table 1 ). The phospholipid composition of cells grown under the two conditions was also similar (Table 1) , and the 4% sodium dodecyl sulfate-insoluble residue representing the murein lipoprotein (Table 1) was synthesized in equal amounts in plus and minus medium-grown cells. The amount of this residue was, however, less than that observed in E. coli cells (8) . No significant difference was observed in the total yield of the outer membrane and the cell envelope with respect to the cellular dry weight under the two growth conditions.
Characterization of an osmotically fragile mutant (DC15) of V. cholerae 569B. Several detergent-sensitive, phageresistant mutants of V. cholerae 569B were isolated after N-methyl-N-nitro-N-nitrosoguanidine mutagenesis. One of these mutants, designated DC15, was found to be osmotically fragile compared with the parent V. cholerae 569B, although no significant difference in the composition of the 0 antigen was detected. The generation time of the mutant cells in plus medium was 60 min compared with 30 min for the wild-type cells, and in minus medium the values were 90 and 45 min, respectively. Cells of strain DC15 grown in plus medium showed rapid lysis in distilled water and 50 mM Tris-hydrochloride (pH 8.0) buffer, irrespective of the age of the culture and temperature of incubation (Fig. 7a) ' I ' l -I ' t t -t i .--in minus medium (Fig. 7b) , although the extent of its reversion was less than that of the wild-type cells.
Analysis of the outer membrane proteins of DC15 grown in plus medium revealed a reversion in the relative expression of the 45,000-and 30,000-molecular-weight proteins (Fig. 6, lane f) compared with the wild-type cells (Fig. 6d) .
However, minus medium-grown DC15 cells showed almost equal amounts of the 45,000-and 30,000-molecular-weight proteins (Fig. 6, lane e) . Thus, although no definite pattern can be assigned to the expression of these two major proteins, they definitely respond to osmosensory mechanisms operating in V. cholerae cells.
DISCUSSION
The present report demonstrates that the rate and extent of lysis of V. cholerae cells are largely dependent on the osmolarity of the growth medium. The degree of protection imparted by the peptidoglycan to the cell varies in different gram-negative bacteria. In E. coli, although the peptidoglycan consists of a thin monolayer (9), enzymatic cleavage of this macromolecule is essential before the cells become osmotically fragile. On the other hand, halophilic bacteria are capable of regular growth and division, despite their low peptidoglycan content (17) . However, they need a hypertonic environment for their growth and survival. The removal of the protective ionic milieu from the growth or suspension medium causes complete disintegration of such bacteria (17) . As far as its response to osmotic stress is concerned, the behavior of V. cholerae is atypical and resembles more closely that of halobacteria or other gram- negative bacteria whose peptidoglycan has been damaged by either lysozyme or antibiotics. This is clearly demonstrated by the extensive lysis of V. cholerae cells when suspended in distilled water. We have found that 0.09 M NaCl or 0.2 M sucrose was necessary to prevent lysis of these cells. This contrasts with the much higher concentrations of such nonpenetrating solutes, e.g., 0.5 M sucrose, needed to protect E. coli cells whose peptidoglycan has been damaged (8) . This would indicate that the internal osmotic pressure of V. cholerae cells is significantly lower than that of gramnegative bacteria such as E. coli. On the other hand, it could also be possible that the internal osmotic pressure of V. cholerae cells is similar to other gram-negative bacteria, but the observed lysis could be due to less stable or weaker outer membranes of these cells.
The rate of lysis of V. cholerae cells in hypotonic medium is far too rapid for it to be mediated entirely by autolysins.
Under nongrowing conditions, the irreversible effect of Mg2+ ions in preventing cellular lysis suggests that weak interactions between outer membrane components may be important for stabilizing the cellular structure in these cells. In marine pseudomonads (27) , it has been suggested that Mg2+ ions form bidentate chelate complexes between two adjacent tetrapeptide subunits in the peptidoglycan, thus stabilizing this structure. In contrast, the protective effect of Mg2+ ions on the lysis of V. cholerae cells was much less when the growth media were supplemented with 5 mM MgCl2. E. coli mutants (Ipo mipA) with altered outer membranes have been found to undergo blebbing when grown in low-Mg2+ growth medium (39) and require Mg2+ ions in growth media to maintain the integrity of the outer membrane. An earlier report (19) It has been postulated that one of the reasons for the inhibition of autolysis in CAM-treated gram-positive bacteria is the thickening of the cell wall (33) . It has also been suggested that E. coli cells have a mechanism that can rapidly modify the structure of newly made murein in bacteria that have stopped making protein. Thereafter, the attachment of murein hydrolases to such a murein is blocked, leading to a decreased susceptibility to autolytic degradation (10) . However, yet another group has shown that pretreatment with CAM does not affect the rate of shock-induced autolysis in E. coli (18) . In light of such information, it is intriguing that V. cholerae cells show potentiation of lysis upon pretreatment with CAM which acts as a bactericidal agent on cells growing in plus medium. CAM has also been shown to act as a bactericidal agent in Haemophilus influenzae cells (7), although formation of sphaeroplast-like bodies has not been reported. It is difficult to explain the formation of such sphaeroplast-like bodies upon treatment with CAM in plus medium. It is also difficult to explain the differential action of CAM on V. cholerae cells grown under various osmolarities.
The reciprocal expression of the 45,000-and 30,000-molecular-weight proteins in plus and minus medium is similar to that observed for OmpF and OmpC proteins in E. coli (13, 36) . The outer membrane proteins from the mutant, however, show a reversal in the expression of the two proteins in plus and minus media compared with the wild type. It is intriguing to note the complete disappearance of the 30,000-molecular-weight protein in cells grown in LP concomitant with the increase of the 45,000-molecularweight protein. Interestingly, in E. coli K-12 mutants (20) , it has been observed that protein e functions as the major porin in the absence of OmpC and OmpF proteins. This protein e was later identified as the PhoE protein (25) , which was expressed under phosphate starvation in wild-type cells. It is possible that under phosphate-limiting growth conditions in V. cholerae, a new protein of molecular weight 45,000 is expressed which replaces the major 45,000-and 30,000-molecular-weight proteins observed in complete medium. This is further supported by the fact that the major outer membrane protein synthesized under phosphate-limiting conditions is not affected by the osmolarity of the growth medium.
